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1 Abbreviations  
HGFs Human gingival Fibroblasts 
DNA-DSBs DNA double-strand breaks 




MMA Methyl methacrylate 
EGDMA Ethylene glycol dimethacrylate 
TEGDMA Triethylene glycol dimethacrylate 
ROS Reactive oxygen species 
Asc Ascorbic acid 
ACC N-acetylcystine 
HEMA 2-hydroxyethylmethacrylate 
PMMA Poly-methyl methacrylate 
Bis-GMA Bisphenol-A-glycidyl methacrylate 
UDMA Urethan dimethacrylate 
GDMA Glycerol dimethacrylate 
DMSO Dimethyl sulfoxide 
EC50 Half-maximum effect concentration 
PBS Phosphate-buffered saline 
GSH Glutathione 
XTT Tetrazolium salt 
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4.1 Induction of DNA double-strand breaks by monochlorophenol isomers and 
Walkhoff solution (ChKM) in human gingiva fibroblasts 
Endodontic therapy plays an important role in the preservation of teeth function [1]. 
Disinfection of root canals is considered to be an important step during endodontic 
treatment [2, 3]. Phenol has been traditionally used in dental treatment as a sedative for 
the pulp or as disinfectant for carious cavity and root canal [4]. However, phenol is 
regarded to be a mutagenic and carcinogenic agent, therefore, its use in dental practice 
is restricted [4, 5]. Monochlorophenols are derivatives of phenol, which are still used in 
dental practice. They are more active antiseptics/disinfectants than phenol, which 
makes them good disinfectants for root canals [6]. Monochlorophenols exist in three 
isomers: 2-CP, 3-CP and 4-CP, with 4-CP is considered most effective antiseptic 
compound [3, 4, 7-9]. Chlorophenols represent a wide group of substances with different 
toxicities [10]. In chlorophenols, the molecule phenol is chlorinated up to five-fold. 
Monochlorophenols have a higher antibacterial, antiseptic and disinfectant potential 
compared to other disinfectants or phenol [6, 11]. The use of monochlorophenols is 
rather controversial because of the high toxicity and mutagenicity of higher substituted 
chlorophenols [4, 8, 10]. Walkhoff (ChKM) solution is a Monochlorophenol-containing 
disinfectant. ChKM solution contains monochlorophenol compound 4-CP, camphor and 
menthol. In literature, the use of ChKM solution is controversially discussed because of 
possible (DNA)-toxicity of the ingredient 4-CP [11]. However, it is unknown whether 
ChKM can induce DNA damage in human oral cells.  
In the first study of the dissertation titled “induction of DNA double-strand breaks (DSBs) 
by ChKM and monochlorophenol compounds”, 2-CP, 3-CP and 4-CP were tested in 
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human gingival fibroblasts (HGFs), DNA DSBs (foci) induced in HGFs to 
monochlorophenols or ChKM were investigated using the γ-H2AX DNA focus assay;  
Shehata M, Durner J, Thiessen D, Shirin M, Lottner S, Van Landuyt K, Furche S, Hickel 
R, Reichl FX. Induction of DNA double-strand breaks by monochlorophenol isomers and 
ChKM in human gingival fibroblasts. Arch Toxicol, 2012;86:1423-9. 
 
 
4.2 Effects of antioxidants on DNA double-strand breaks in human gingival 
fibroblasts exposed to methacrylate-based monomers  
Resin based dental (co)monomers are widely used in contemporary dental restorative 
materials. The conversion of (co)monomers can be induced by light and/or by 
autopolymerisation. However, incomplete polymerization means that (co)monomers 
and additives can diffuse into the oral cavity or into the pulp [12-14]. These released 
substances can then enter the bloodstream [15]. Moreover, the methacrylates such as 
MMA, EGDMA and TEGDMA were identified in the air of dental technicians’ workplaces 
[16]. (Co)monomers and additives released from resin-containing products can cause 
various adverse effects such as allergic contact dermatitis and bronchial asthma [17, 
18]. In vitro studies have shown that some dental methacrylates can cause cytotoxic, 
estrogenic and mutagenic reactions [19-21]. Thereby, reactive oxygen species (ROS) 
and epoxides play an important role in the metabolism of dental methacrylates [22-24]. 
During the metabolism of these xenobiotics (e.g. MMA, TEGDMA) the amount of ROS 
and epoxides increases while the amounts of (physiological) radical scavengers, such 
as glutathione or vitamin C, decrease. Most epoxides as well as ROS are regarded as 
highly toxic agents reacting with different cellular molecules and cellular structures such 
as DNA [22, 25]. In this context, the number of different cancers of the oral mucosa is 
increasing in adults of 45 years and older with a simultaneous decrease in tobacco and 
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alcohol consumption [26]. DNA DSBs caused by mutagenic agents like epoxides and 
ROS are considered the most toxic type of DNA lesions [27]. If they are left unrepaired 
they can cause cell death and, if they are misrepaired they may lead to chromosomal 
translocations and genomic instability [28]. Using the γ-H2AX-assay, a previous study 
has shown that methacrylate based dental monomers can induce DNA DSBs in HGF 
[29]. H2AX, a protein from the H2A family and a component of the histone octamer in 
nucleosomes, can be phosphorylated by different kinases to γ-H2AX. This 
phosphorylation recruits and localizes DNA repair proteins at the foci [30]. The foci 
represent DNA DSBs and can be used as a biomarker for DNA damage. A labeled 
antibody against γ-H2AX can be used to label the foci, which can then be visualized 
using an immunofluorescence [29]. Many studies have dealt with the toxicity of 
(co)monomers and other substances from dental resins. Little is known about how to 
prevent cell damage. In some studies, it could be demonstrated that, the addition of 
antioxidant substances such as the vitamins C (Asc) and E or ACC can reduce the 
cytotoxic effects of dental monomers such as TEGDMA, HEMA or PMMA [31-34]. It is 
not known whether antioxidants lead to a reduction of DNA DSBs in human oral cells. 
Human oral cells (e.g. gingival and/or pulp fibroblasts) in this physiological situation are 
among the first to come into contact with eluted substances.  
The aim of the second study of the dissertation was therefore to test the hypothesis that 
the antioxidants Asc or ACC can reduce the number of DNA DSBs caused by the dental 
(co)monomers Bis-GMA, UDMA, GDMA and EGDMA in HGF. The number of foci of 
DNA DSBs were investigated using γ-H2AX focus-assay;  
Lottner S, Shehata M, Hickel R, Reichl FX, Durner J. Effects of antioxidants on DNA 
double-strand breaks in human gingival fibroblasts exposed to methacrylate based 




5 Material und Method 
5.1 Induction of DNA double-strand breaks by monochlorophenol isomers and 
ChKM in human gingiva fibroblasts 
5.1.1  XTT-test 
A XTT–based cell viability assay was used to determine the half-maximum effect 
concentrations (EC50) for monochlorophenol compounds 2-CP, 3-CP, 4-CP and ChKM 
in HGFs. Negative control cells received either medium only, or medium + DMSO. 
Positive control cells received 1 mM H2O2 + medium, or 1 mM H2O2 + medium + DMSO 
for 10 min. The formazan formation was quantified spectrophotometrically using a 
microtiter plate reader (Victor 3, Perkin Elmer Las, Jügesheim, Germany). XTT-assay 
method is described in detail in the first study of the dissertation [35]. 
5.1.2  γ-H2AX-test 
DNA DSBs formation was tested in HGFs by the γ-H2AX DNA focus assay. HGFs were 
exposed to medium containing substances in the following concentrations 
(corresponding to EC50, 1/3 EC50 and 1/10 EC50 values, received from the XTT-assay). 
Negative control cells received either medium alone, or medium + DMSO. Positive 
control cells received 1 mM H2O2 + medium, or 1 mM H2O2 + medium + DMSO for 10 
min. Cells were incubated with mouse monoclonal anti-γ-H2AX and subsequently 
stained with FluoroLink Cy3-labeled goat anti-mouse secondary antibody. HGFs were 
investigated using a Zeiss Axioplan 2 imaging fluorescence microscope (Zeiss). DNA-
DBs (foci) were counted and cell counting was performed until at least 80 cells. Cells 
containing 40 or more foci will be counted as multi-foci cell. γ-H2AX DNA focus assay 





5.2 Effects of antioxidants on DNA double-strand breaks in human gingival 
fibroblasts exposed to methacrylate based monomers 
DNA DSBs formation in Asc, ACC, UDMA, GDMA, EGDMA and Bis-GMA were tested 
in HGFs using γ-H2AX DNA focus assay. The cells were exposed to medium containing 
the tested (co)monomers or the antioxidants in three concentrations based on EC50 
results from XTT Cytotoxicity test (1/10 x,1/3 x,1 x EC50). The antioxidant concentrations 
were based on cytotoxicity experiments in our group [29, 31]. Negative control cells only 
received medium. While the cells for the positive control received 1000 µM H2O2 in 
medium. 
The cells were not preincubated with antioxidants so as to simulate physiological 
conditions during the filling of a cavity. DNA DSBs formation was determined in HGFs 
unexposed and exposed to dental resin compounds by the γ-H2AX DNA focus assay. 
Since resin (co)monomers, like HEMA and TEGDMA, released from dental restorative 
materials, may reach millimolar concentrations in the pulp [12, 36], three concentrations 
were used based on the EC50 values from XTT-experiments on HGF from our group in 
the millimolar range (1×, 1/3× and 1/10× EC50) [29]. 
The details are shown in the second study of the current dissertation (lottner et al. 2013) 
The results are shown as means (SD). The statistical significance (p < 0.05) of the 
differences between the experimental groups was tested using the t-test, corrected 
according to Bonferroni-Holm [38].  
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6 Results  
6.1  Induction of DNA double-strand breaks by monochlorophenol isomers and 
ChKM in human gingiva fibroblasts 
6.1.1  XTT-test 
ChKM solution was the most toxic, compared to all other investigated compounds. 
Significant (p < 0.05) increase in toxicity of compounds was found as follows: camphor 
< 2-CP < menthol < 3-CP < 4-CP < ChKM. 
 
6.1.2  γ-H2AX-test 
In negative control, an average of 3 DNA DSBs foci each were found. In positive control, 
35 DNA DSBs foci each were found. When HGF were exposed to the EC50 of 
monochlorophenols or ChKM, following DNA DSBs foci-rate were found: 3-CP 18 foci, 
4-CP 19 foci, 2-CP 20 foci and ChKM 21 foci. The highest rates of DNA DSBs foci were 
found when HGFs were exposed to the EC50 of each substance, compared to their 
corresponding 1/3 EC50 or 1/10 EC50. About 20 DNA-DNA DSBs foci per cell were found 
when HGFs were exposed to the substances (concentration in parenthesis): 2-CP (4 
mM), 3-CP (2.3 mM), 4-CP (2.1 mM) or ChKM (corresponding to 1.5 mM 4-CP). About 
22 % of the cells contained multi-foci when HGFs were exposed to substances with the 
EC50 (in parenthesis): 2-CP (4 mM), 4-CP (2.1 mM), or ChKM (corresponding to 1.5 mM 
4-CP). Only 13 % of the cells contained multi-foci when HGFs were exposed to 3-CP 
with EC50 of 2.3 mM. 
Also, see data and graphic illustration in detail in the first study of the current dissertation 




6.2 Effects of antioxidants on DNA double-strand breaks in human gingiva 
fibroblasts exposed to methacrylate based monomers 
6.2.1  H2AX-assay with antioxidants 
None of the antioxidants tested showed a significant reduction the number of foci/cell 
compared with the negative controls, when incubated with the antioxidants Asc or ACC 
with HGF irrespective of their concentration. At a concentration of 500 µM, the 
antioxidant Asc induced significant (p < 0.05) more DNA DSBs in HGF compared to the 
controls. 500 µM Asc induced approximately a three-fold increase in the number of 
foci/cell compared to the controls. The number of multi foci cell increased with the 
concentration of Asc. The antioxidant ACC (at all tested concentration 50–500 µM) 
showed no significant (p > 0.05) increased induction of DNA DSBs in HGF compared to 
the controls. For the following experiments Asc was used in a concentration of 100 µM 
and ACC in a concentration of 500 µM.  
 
6.2.2 γ-H2AX-assay with (co)monomers alone and in combination with 
antioxidants 




The addition of 100 µ M Asc to 90 µM Bis-GMA significantly reduced the number of 
foci/cell from 4 to 1 in HGF. The addition of 500 µM ACC to 90 µM Bis-GMA significantly 
reduced the number of foci/cell from 4 to 1 in HGF. All the tested Bis-GMA 
concentrations showed no increase in the number of multi foci cells when compared to 






The addition of 100 µM Asc to 100 µM UDMA significantly reduced the number of 
foci/cell from 2 to 1 in HGF. The addition of 500 µM ACC to 33.5 or 100 µM UDMA, 
respectively, significantly reduced the number of foci/cell. All the tested UDMA 
concentrations showed no increase in the number of multi foci cells when compared with 
the negative controls. 
 
EGDMA: 
The addition of 100 µM Asc to 272 or 906.7 or 2720 µM EGDMA significantly reduced 
the number of foci/cell in HGF. The addition of 500 µM ACC to 272 or 906.7 or 2720 µ 
M EGDMA significantly reduced the number of foci/cell in HGF. 2720 µM EGDMA 
induces 4% multi focus cells (negative controls: 0.35%). The addition of 100 µM Asc or 
500 µM ACC caused the percentage of multi foci cells to decrease, but was not 
statistically different from the percentage of multi foci cells in negative controls. 
 
GDMA: 
The addition of 100 µM Asc to 250 or 2500 µM GDMA significantly reduced the number 
of foci/cell in HGF. The addition of 500 µM ACC to 2500 µM GDMA significantly reduces 
the number of foci/cell in HGF. 2500 µM GDMA induces 1.96% multi focus cells 
(negative controls: 0.35%). By addition of 100 µM Asc or 500 µM ACC the percentage 
of multi foci cells decreased, but was not statistically different from the percentage of 
multi foci cells in negative controls.  
 
Also, see the graphic illustration in detail in the second study of the current dissertation 
(Lottner et al. 2013) 
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7 Summary / Synopsis 
7.1 Synopsis 
Phenol has been traditionally used in dental treatment, it is regarded as a mutagenic 
and carcinogenic agent [4, 5], its use in dental practice is now therefore restricted. 
Monochlorophenols are derivatives of phenol, which are still used clinically as root canal 
disinfectants. ChKM solution contains the monochlorophenol isomer 4-CP and camphor 
as active ingredients for root canal disinfection. 
In the first study of the dissertation, the induction of DNA DSBs by ChKM and 
monochlorophenol compounds (2-CP, 3-CP, 4-CP) was tested in human gingival 
fibroblasts (HGFs). DNA DSBs (foci) induced in HGFs were investigated using the γ-
H2AX DNA focus assay. 
 
(Co)monomers in dental composites such as MMA, Bis-GMA, UDMA, GDMA and 
EGDMA can be released due to incomplete polymerization and diffuse into the oral 
cavity or into the pulp [12, 14]. (Co)monomers from dental resin composites have a 
cytotoxic and genotoxic potential [29]. In previous studies, it has been demonstrated that 
antioxidants can decrease the cytotoxicity of dental (co)monomers [31, 34]. In the 
second study of the dissertation, the hypothesis was tested if the antioxidants Asc or 
ACC can reduce the number of DNA DSBs caused by the dental methacrylate-based 
monomers Bis-GMA, UDMA, GDMA and EGDMA in HGF. The number of foci of DNA 






7.1.1  Induction of DNA double-strand breaks by monochlorophenol isomers and 
ChKM in human gingiva fibroblasts 
Induction of DNA DSBs in HGFs by monochlorophenols or ChKM were investigated 
using the γ-H2AX DNA focus assay. In the γ-H2AX DNA focus assay, foci represent 
DNA DSBs [39]. ChKM solution, containing 4-CP and camphor showed a higher toxicity 
compared to 4-CP solution solely. This may be explained by the additive toxic effect of 
camphor. These data are in agreement with the findings of another study which showed 
that camphor can increase the cytotoxicity of phenolic compounds, even in other cell 
lines [40]. It has been described that the reduced cell proliferation may be related to 
altered cell cycle progression and cell viability, as chlorinated phenols can induce 
oxidative stress [40, 41]. In the first study of the dissertation, we found that 2-CP, 3-CP, 
4-CP and ChKM can induce DNA DSBs in HGFs through the activation of the kinase 
ATM by its phosphorylation, which explains the generation of DNA DSBs foci as a 
consequence of massive DNA DSBs formation, because one of the early responses to 
DNA DSBs is the ATM-dependent phosphorylation of the histone H2AX at the C-
terminal Ser 139 [40, 42]. It was found that γ-H2AX foci were readily discernible in HGFs 
nuclei by immunofluorescence using phosphohistone γ-H2AX-specific antibodies. 
Enumeration of γ-H2AX foci revealed that 2-CP, 3-CP, 4-CP and ChKM can induce 
significantly higher DNA-DSBs-specific γ-H2AX foci, compared to the negative control, 
but significantly lower rates compared to the positive control. A significant ranking in 
DNA toxicity (DSBs) of the tested compounds results in following order 2-CP <3-CP <4-
CP < ChKM. It is interesting that the identical toxicity ranking of compounds was found 
in both XTT-test and γ-H2AX-test, although, the XTT-test measures the activity of 
intramitochondrial dehydrogenases while the γ-H2AX-test measures the induction of 
DNA-DSBs. This is also valid for the additive toxic effect of the combination of camphor 
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and 4-CP in the ChKM solution for both test systems. Similar results were obtained 
regarding the formation of multi-foci cells (cells in which more than 40 foci were found), 
when HGFs were exposed to the same concentrations (1/10 x,1/3 x,1 x EC50) of 
compounds, with the only exception for 3-CP. Significantly lower rate of multi-foci cells 
was found with 3-CP, compared to 2-CP, 4-CP or the ChKM solution for all tested 
concentration. It can be hypothesized that DNA damage caused by 3-CP is more 
efficiently repairable by either specific DNA repair mechanisms, compared to DNA 
damage caused by 2-CP, 4-CP and ChKM or the nature and/or quality (and not quantity) 
of DNA damage, which may lead to different DNA toxicities (and different types of repair) 
among the investigated monochlorophenols. As it was described for different DNA 
damages (and repair) caused by cis-platins [43, 44]. Monochlorophenols and ChKM 
solution are used as a local intracanal disinfectants in endodontic therapy, applied by 
cotton pellets into pulp chamber and can diffuse into root canals [2], it could last up to 4 
weeks, which indicates that the periapical tissues may be exposed for relatively long 
periods. In the first study of the dissertation, in vitro, DNA damage in HGFs was found 
at 6-h exposure time. The concentrations of 4-CP and camphor in the ChKM solution in 
dental practice can even reach higher values, compared to the concentrations we used 
in the γ-H2AX test. Moreover, DNA damage was already found at much lower 
concentrations. However, in vitro systems represent ‘‘closed’’ steady state systems, 
while in the human physiological situation, an ‘‘open’’ system is available with blood, 
enzymes and possibility for distribution, metabolism and elimination, which may lead to 
reduced compound toxicity. It is unknown whether in the human physiological situation 
the DNA damage, caused by these substances, can lead to an increase in the 
degeneration of human oral cells. Additional studies addressing the nature of DNA 
lesions elicited by dental monochlorophenol compounds and their repair are required to 




7.1.2  Effects of antioxidants on DNA double-strand breaks in human gingiva 
fibroblasts exposed to methaclylate monomers 
The conversion of (co)monomers in dental composites can be induced by light and/or 
by auto-polymerization. However, incomplete Polymerization of (Co)monomers lead to 
release of residual (co)monomers into the oral cavity or into the pulp [12, 14]. Oxidative 
induction of DNA DSBs in HGFs after incubation with Bis-GMA was shown by Blasiak 
et al. [45]. Antioxidants are radical scavenging, forming adducts with the radicals or 
acting as a reducing agent due to its low redox potential [46]. Some studies have shown 
that the addition of antioxidants such as vitamins C (Asc) or E, ACC or uric acid to the 
cell culture medium can reduce cytotoxicity [31, 33, 34]. In the second study of the 
dissertation, it was demonstrated that the addition of the antioxidants Asc (100 µM) or 
ACC (500 µM) could reduce the number of induced DNA DSBs in methacrylate-based 
(co)monomers (Bis-GMA, UDMA, GDMA and EGDMA) in HGF in vitro. The antioxidant 
nature of Asc not only affects the metabolism of xenobiotics, but also physiological 
relevant redox reaction which play an important role in DNA replication and protein 
biosynthesis. The antioxidant nature of Asc in a concentration of 100 µM can also reduce 
the number of DNA DSBs during incubation with different methacrylate based dental 
monomers. This shows good correlation with other studies that have measured the cell 
protective effects after addition of Asc to cells incubated with TEGDMA or HEMA [31]. It 
is possible that Asc reacts with the ROS or epoxides during the metabolism of the 
methacrylate derivates and thereby prevents cellular and DNA damage. In contrast to 
Asc, ACC showed no dose dependent induction of DNA DSBs when compared with the 
negative control, up to the maximum tested concentration of 500 µM. ACC is closely 
linked to GSH synthesis and the regeneration cycle. GSH is a thiol-containing 
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antioxidant, which prevents damage to important cellular components caused by ROS 
such as free radicals and peroxides. The regeneration of GSH through ACC may be one 
reason for its cell protective effect. The reduction of intracellular GSH level after 
incubation with methacrylate based monomers is well known [47]. The elevation of 
intracellular GSH levels and that antioxidative properties of ACC could explain the 
reduction of DNA DSBs formation after incubation of HGF with (co)monomers Bis-GMA, 
UDMA, EGDMA and GDMA. It was shown that antioxidants not only reduce the 
cytotoxicity but also the genotoxicity. One explanation is the reduction of ROS and 
epoxides during metabolism of (co)monomers. Therefore, the question arises, is it useful 
to add antioxidants to the matrix of composites to reduce cell damage and inflammatory 
response? The protective effect may be superimposed by the fact that antioxidants may 
be interfere in the polymerization process by scavenging the free radicals necessary for 
building up long polymer chains and a three-dimensional polymer network. Apart from 
the reduction of the mechanical and physical properties, the monomer polymer 
conversion can be reduced, leading to an increase of unreacted (co)monomers and 
other additives. The higher the amount of unreacted and elutable substance, the lower 
the biocompatibility of the material. the second study of the dissertation supports the 
hypothesis that the addition of the antioxidants Asc and ACC can reduce the number of 




7.2 Zusammenfasssung / Syopsis 
7.2.1 Synopsis 
Phenol wurde traditionell in der zahnärztlichen Behandlung eingesetzt. Inzwischen ist 
sein mutagenes und karzinogenes Potenzial bekannt [4, 5] und daher seine 
Verwendung in der zahnärztlichen Praxis untersagt. Monochlorphenole sind Phenol-
Derivate, die immer noch klinisch als Wurzelkanal-Desinfektionsmittel verwendet 
werden. ChKM-Lösung enthält das Monochlorphenol-Isomer 4-CP und Campher als 
Wirkstoffe zur Wurzelkanal-Desinfektion. 
In der ersten Studie der Dissertation wurde die Induktion von DNA DSBs durch ChKM 
und Monochlorphenolverbindungen (2-CP, 3-CP, 4-CP) in HGFs getestet. DNA DSBs 
(Foci), die in HGFs induziert wurden, wurden unter Verwendung des γ-H2AX-DNA-
Fokus-Assays untersucht. 
 
(Co)monomere in Dentalkompositen wie MMA, Bis-GMA, UDMA, GDMA und EGDMA 
können aufgrund unvollständiger Polymerisation freigesetzt und in die Mundhöhle oder 
über die Pulpa aufgenommen werden [12, 14]. Methacrylate haben ein zytotoxisches 
und genotoxisches Potential [29]. Frühere Studien zeigten, dass Antioxidantien die 
Zytotoxizität von solchen dentalen (Co)monomeren verringern können [31, 34]. 
In der zweiten Studie der Dissertation wurde die Hypothese überprüft, ob die 
Antioxidantien Asc oder ACC die Anzahl der DNA DSBs reduzieren können, die durch 
die Dentalmethacrylat-basierten Monomere Bis-GMA, UDMA, GDMA und EGDMA in 
HGF verursacht werden. Die Anzahl der Foci von DNA DSBs wurde unter Verwendung 





7.2.2  Induktion von DNA-Doppelstrangbrüchen durch Monochlorphenol-Isomere 
und ChKM in menschlichen Gingiva-Fibroblasten 
Die Induktion von DNA DSBs in HGFs durch Monochlorphenole oder ChKM wurde unter 
Verwendung des γ-H2AX-DNA-Fokus-Assays untersucht. Im γ-H2AX-DNA-Fokus-
Assay stellen Foci DNA DSBs dar [39]. ChKM-Lösung, die 4-CP und Campher enthält, 
zeigte eine höhere Toxizität im Vergleich zu 4-CP allein. Dies kann durch den additiv 
toxischen Effekt von Kampfer erklärt werden. Diese Daten stimmen mit den Ergebnissen 
einer anderen Studie überein, die zeigte, dass Kampfer die Zytotoxizität von 
phenolischen Verbindungen auch in anderen Zelllinien erhöhen kann [40]. Des weiteren 
wurde beschrieben, dass chlorierte Phenole oxidativen Stress induzieren können und 
so eine reduzierte Zellproliferation mit einer veränderten Zellzyklusprogression und 
Zelllebensfähigkeit in Zusammenhang stehen kann [40, 41]. In der ersten Studie der 
Dissertation wurde festgestellt, dass 2-CP, 3-CP, 4-CP und ChKM DNA DSBs in HGFs 
durch die Aktivierung des Kinase-ATM durch Phosphorylierung induzieren können, die 
die Entstehung von DNA-DSB-Foci als Folge der massiven DNA-DSB-Bildung erklärt, 
da eine der ersten Reaktionen auf DNA DSBs die ATM-abhängige Phosphorylierung 
des Histons H2AX am C-terminalen Ser 139 ist [40, 42]. Es wurde festgestellt, dass γ-
H2AX-Foci in HGFs-Kernen unter Verwendung von Phosphohiston-γ-H2AX-
spezifischen Antikörpern in der Immunfluoreszenz leicht erkennbar waren. Die 
Auszählung von γ-H2AX-Foci zeigte, dass 2-CP, 3-CP, 4-CP und ChKM signifikant 
höhere DNA-DSBs-spezifische γ-H2AX-Foci im Vergleich zur negativ Kontrolle 
induzieren können, aber deutlich niedrigere Raten im Vergleich zur positiv Kontrolle. 
Eine signifikante Rangfolge in der DNA-Toxizität (DSBs) der getesteten Verbindungen 
ergibt die folgende Reihenfolge 2-CP <3-CP <4-CP <ChKM. Es ist interessant, dass 
eine identische Toxizität der Verbindungen sowohl im XTT-Test als auch im γ-H2AX-
Test gefunden wurde, obwohl der XTT-Test die Aktivität intramitochondrialer 
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Dehydrogenasen misst, im Gegensatz zum γ-H2AX-Test, der die Induktion von DNA 
DSBs misst. Dies gilt auch für den additiv toxischen Effekt der Kombination von Kampfer 
und 4-CP in der ChKM-Lösung für beide Testsysteme. Ähnliche Ergebnisse wurden 
hinsichtlich der Bildung von Multi-Foci-Zellen (Zellen, in denen mehr als 40 Foci 
gefunden wurden) erhalten, wenn HGFs den gleichen Konzentrationen (1/10 x, 1/3 x, 1 
x EC50) von Verbindungen ausgesetzt wurden, mit Ausnahme von 3-CP. Eine 
signifikant niedrigere Rate von Multi-Foci-Zellen wurde mit 3-CP gefunden, verglichen 
mit 2-CP, 4-CP oder der ChKM-Lösung für alle getesteten Konzentrationen. Es wird 
vermutet, dass die durch 3-CP verursachte DNA-Schädigung durch spezifische DNA-
Reparaturmechanismen effizienter reparierbar ist, verglichen mit DNA-Schäden, die 
durch 2-CP, 4-CP und ChKM verursacht wurden, oder die Art und/oder Qualität (und 
nicht die Quantität) von DNA-Schäden, die zu verschiedenen DNA-Toxizitäten (und 
verschiedenen Arten von Reparaturen) unter den untersuchten Monochlorphenolen 
führen können. Wie es für verschiedene DNA-Schäden (und Reparatur) beschrieben 
wurde, die durch cis-platine verursacht wurden [43, 44]. Monochlorphenole und ChKM-
Lösung werden als lokale intracanal-Desinfektionsmittel in der endodontischen 
Therapie eingesetzt. Unter Anwendung von Baumwollpellets in der Pulpenkammer 
können diese in die Wurzelkanäle diffundieren [2]. Eine Anwendung kann bis zu 4 
Wochen dauern, was eine Exposition des periapikalen Gewebe für einen längeren 
Zeitraum bedeuten kann. In der ersten Studie der Dissertation wurden in vitro DNA-
Schäden in HGFs bereits nach 6-h-Expositionszeit gefunden. Die Konzentrationen von 
4-CP und Kampfer in der ChKM-Lösung in der Praxis können sogar höhere Werte 
erreichen, verglichen mit den Konzentrationen, die wir im γ-H2AX-Test verwendeten. 
Darüber hinaus wurde eine DNA-Schädigung bereits bei viel niedrigeren 
Konzentrationen gefunden. In vitro-Systeme repräsentieren jedoch "geschlossene" 
steady state Systeme, während in der menschlichen physiologischen Situation ein 
28 
 
"offenes" System mit Blut, Enzymen und Verteilungsmöglichkeit, Metabolismus und 
Eliminierung zur Verfügung steht, was zu einer verminderten Toxizität einer Verbindung 
führen kann. Bis jetzt ist nicht bekannt, ob in der menschlichen physiologischen 
Situation die durch diese Substanzen verursachte DNA-Schädigung zu einer Zunahme 
der Degeneration menschlicher oraler Zellen führen kann. Zusätzliche Studien, die die 
Natur von DNA-Läsionen betreffen, die durch dentale Monochlorphenolverbindungen 
hervorgerufen werden, und ihre Reparatur sind erforderlich, um ihr genotoxisches 
Potential besser abzuschätzen. 
 
7.2.3  Effekte von Antioxidantien auf DNA-Doppelstrangbrüche in menschlichen 
Gingiva-Fibroblasten, die Methaclylat-Monomeren ausgesetzt sind 
Die Umwandlung von (Co)monomeren in Dentalkompositen kann durch Licht und/oder 
durch Autopolymerisation induziert werden. Unvollständige Polymerisation von 
(Co)monomeren führt zur Freisetzung von Rest-(Co)monomeren in die Mundhöhle oder 
in die Pulpa [12, 14]. Die oxidative Induktion von DNA DSBs in HGFs nach Inkubation 
mit Bis-GMA wurde von Blasiak et al. gezeigt [45]. Antioxidantien sind Radikalfänger, 
die Addukte mit Radikalen bilden können oder als Reduktionsmittel aufgrund geringem 
Redoxpotentials agieren können [46]. Einige Studien haben gezeigt, dass die Zugabe 
von Antioxidantien wie Vitaminen C (Asc) oder E, ACC oder Harnsäure zum 
Zellkulturmedium die Cytotoxizität verringern kann [31, 33, 34]. In der zweiten Studie 
der Dissertation, Es wurde gezeigt, dass die Zugabe der Antioxidantien Asc (100 μM) 
oder ACC (500 μM) die Anzahl der induzierten DNA DSBs in Methacrylat-basierten (Co) 
-Monomeren (Bis-GMA, UDMA, GDMA und EGDMA) in HGF In vitro reduzieren könnte. 
Der antioxidative Charakter von Asc wirkt sich nicht nur auf den Metabolismus von 
Xenobiotika, sondern auch auf physiologisch relevante Redoxreaktionen aus, die bei 
der DNA-Replikation und der Proteinbiosynthese eine wichtige Rolle spielen. Der 
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antioxidative Charakter von Asc in einer Konzentration von 100 µM  kann auch die 
Anzahl der DNA DSBs während der Inkubation mit verschiedenen Dentalmonomeren 
auf Methacrylatbasis reduzieren. Dies zeigt eine gute Korrelation mit anderen Studien, 
die den Zell protektiven Effekt nach Zugabe von Asc zu Zellen, die mit TEGDMA oder 
HEMA inkubiert wurden, gemessen haben [31]. Es ist möglich, dass Asc mit dem ROS 
oder den Epoxiden während des Metabolismus der Methacrylatderivate reagiert und 
dadurch Zell- und DNA-Schäden verhindert. Im Gegensatz zu Asc zeigte ACC keine 
dosisabhängige Induktion von DNA DSBs im Vergleich zur Negativkontrolle bis zur 
maximal getesteten Konzentration von 500 μM. ACC ist eng mit der GSH-Synthese und 
dem Regenerationszyklus verknüpft. GSH ist ein Thiol-haltiges Antioxidans, das 
Schäden an wichtigen zellulären Komponenten, die durch ROS verursacht werden, wie 
freie Radikale und Peroxide, verhindert. Die Regeneration von GSH durch ACC kann 
ein Grund für seine zellschützende Wirkung sein. Die Reduktion des intrazellulären 
GSH-Spiegels nach Inkubation mit Monomeren auf Methacrylatbasis ist bekannt [47]. 
Die Erhöhung des intrazellulären GSH-Spiegels und die antioxidativen Eigenschaften 
von ACC könnten die Reduktion der DNA-DSBs-Bildung nach Inkubation von HGFs mit 
den (Co)monomeren Bis-GMA, UDMA, EGDMA und GDMA erklären. Es wurde gezeigt, 
dass Antioxidantien nicht nur die Zytotoxizität, sondern auch die Genotoxizität 
reduzieren. Eine Erklärung ist die Reduktion von ROS und Epoxiden während des 
Stoffwechsels von (Co)monomeren. Daher ist die Frage, ist es sinnvoll, Antioxidantien 
in die Matrix von Composites einzubringen, um Zellschäden und entzündliche Reaktion 
zu reduzieren? Die Schutzwirkung kann dadurch überlagert werden, dass 
Antioxidantien in den Polymerisationsvorgang eingreifen können, indem die freien 
Radikale, die für den Aufbau langer Polymerketten und dem dreidimensionales 
Polymernetzwerk erforderlich sind, abgefangen werden. Abgesehen von der 
Verringerung der mechanischen und physikalischen Eigenschaften könnte die 
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Monomerpolymerumwandlung reduziert werden, was zu einer Erhöhung der nicht 
umgesetzten (Co)Monomere und anderer Additive führen würde. Je höher die Menge 
an nicht umgesetzter und eluierbarer Substanz ist, desto geringer ist die 
Biokompatibilität des Materials. Die zweite Studie der Dissertation unterstützt die 
Hypothese, dass die Zugabe der Antioxidantien Asc und ACC die Anzahl der DNA DSBs 
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